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Neuroepithelial cells can generate nonepithelial cells, the neurons. Here we have investigated, for chick and mouse embryos,
the epithelial character of neuroepithelial cells in the context of neurogenesis by examining the presence of molecular
components of tight junctions during the transition from the neural plate to the neural tube. Immunoreactivity for occludin,
a transmembrane protein speci®c to tight junctions, was detected at the apical end of the lateral membrane of neuroepithelial
cells throughout the chick neural plate. During neural tube closure, occludin disappeared from all neuroepithelial cells.
Correspondingly, the addition of horseradish peroxidase to the apical side of the neuroepithelium by injection into the
amniotic cavity of mouse embryos revealed the presence of functional tight junctions in the neural plate (Embryonic Day
8), but not the neural tube (Embryonic Day 9). In contrast to occludin, expression of ZO-1, a peripheral membrane protein
of tight junctions, increased from the neural plate to the neural tube stage, also being con®ned to the apical end of the
lateral neuroepithelial cell membrane. This localization coincided with that of N-cadherin, whose expression increased
concomitantly with the disappearance of occludin. We propose that the loss of tight junctions from neuroepithelial cells
re¯ects an overall decrease in their epithelial nature, which precedes the generation of neurons. q 1996 Academic Press, Inc.
INTRODUCTION detach from the basal lamina prior to mitosis. At the neu-
ral groove stage, the cellular organization of the neuroepi-
All neurons and most glial cells of the vertebrate central thelium as a pseudostrati®ed structure appears to be the
nervous system originate from the neuroepithelium. Dur- same as at the neural plate stage, though there is a major
ing primary neurulation, major changes in the organiza- change at the supracellular level (the invagination of the
tion of the neuroepithelium at the cellular and supracellu- neural plate). After closure of the neural tube, nonepithe-
lar levels can be distinguished (for a review see Nakai and lial cells are generated in the neuroepithelium as an in-
Fujita, 1994). Initially, the neural plate is a monolayer of creasing number of neuroepithelial cells start to give rise
neuroepithelial cells. Their apical side faces the amniotic to neurons. The latter migrate basally. At the supracellu-
cavity while their basal side contacts the basal lamina lar level, this turns the neural tube into a multilayered
which separates the neuroepithelium from the underlying structure in which the neuroepithelium constitutes the
mesoderm. As the neuroepithelial cells proliferate, the innermost cell layer referred to as ventricular zone.
neural plate becomes thicker and pseudostrati®ed. The Given their epithelial nature, neuroepithelial cells can be
latter re¯ects the migration of nuclei between the basal expected to express features characteristic of, and common
side (S phase) and the apical side (M phase) of the neuro- to, all epithelial cells. One such feature is the tight junction
epithelium. Throughout their cell cycle, the neuroepithe- which is located at the border between the apical and baso-
lial cells remain exposed to the apical environment, but lateral domains of the plasma membrane. The tight junction
provides a ``barrier'' against the free passage of substances
through the paracellular space (Diamond, 1977) and a1 To whom reprint requests and correspondence should be ad-
``fence'' preventing the mixing of lipids and proteins of thedressed. Fax: /49-6221-546700. E-mail: whuttner@sun0.urz.uni-
heidelberg.de. outer lea¯et of the plasma membrane between the apical
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(1951). Embryos were placed on Millipore ®lters, ®xed in 1% para-and basolateral domains (van Meer et al., 1986; for reviews
formaldehyde in 0.1 M Hepes, pH 7.4, for 1 hr at room temperaturesee Rodriguez-Boulan and Nelson, 1989; Cereijido et al.,
followed by overnight incubation at 47C, and processed for immu-1989; Simons, 1990; Rodriguez-Boulan and Powell, 1992;
no¯uorescence and immunogold electron microscopy as describedSchneeberger and Lynch, 1992; Citi, 1993; Gumbiner, 1993).
below. (The immunoreactivity in embryos of both the T8-754 andSeveral proteins associated with tight junctions have been
anti-OcE epitopes was lost when higher concentrations of para-
identi®ed (Citi, 1993; Gumbiner, 1993). One is occludin, formaldehyde were used.)
the only known transmembrane protein speci®c to tight
junctions (Furuse et al., 1993). Another is ZO-1, a peripheral
membrane protein binding to the carboxy-terminal cyto- Immuno¯uorescence
plasmic domain of occludin (Stevenson et al., 1986; Ander-
Fixed embryos were in®ltrated with 0.5 M sucrose in PBS for 2
son et al., 1988; Itoh et al., 1993; Furuse et al., 1994). How- hr at 47C, oriented under a dissection microscope, frozen in Tissue-
ever, in contrast to occludin, ZO-1 is not speci®c for tight tek (O.C.T. compound, Miles Inc.) on dry ice, and stored at 0607C.
junctions. In nonepithelial cells expressing cadherins, ZO- Frozen sections (12 mm) were cut in a Leica Frigocut 2800N and
1 is associated with adherens junctions, and in epithelial air-dried on gelatin-coated slides. The sections on the slides were
cells in which tight junctions are not so well developed, permeabilized with Triton X-100 (0.5% in PBS for 2 min), washed
in PBS, quenched with NH4Cl (50 mM in PBS for 10 min), washed,ZO-1 is localized not only to tight junctions but also to
and blocked for 30 min in 0.1% Triton X-100, 0.2% gelatin (Teleos-adherens junctions (Itoh et al., 1993).
tean gelatin, Sigma), 0.05% BSA in PBS. Sections were incubatedIn the formation of epithelia during embryonic develop-
with rabbit anti-chicken occludin (1:25), mouse anti-N-cadherinment, the appearance of adherens junction precedes that of
(1:40), rabbit anti-bIII-tubulin (1:300), or mouse anti-ZO-1 (1:1) anti-tight junctions (Collins and Fleming, 1995). As the neuro-
bodies in the blocking solution overnight at 47C. After washing,
epithelium is derived from the ectoderm, i.e., from an ex- sections were incubated with secondary antibody (rhodamine-con-
isting epithelium, one would expect that the neuroepithe- jugated goat anti-mouse or anti-rabbit) for 30 min at room tempera-
lium should contain not only adherens junctions (Hatta et ture. The sections were washed and mounted with moviol. The
al., 1987) but also tight junctions. Morphological studies on samples were examined using a ¯uorescence microscope (Axio-
the presence of tight junctions in the vertebrate neuroepi- phot, Zeiss) and, for any given antibody, photographed with the
same exposure time and printed in a standardized manner.thelium at the various stages of embryonic development
have given con¯icting results (Hinds and Ruffett, 1971;
Decker and Friend, 1974; Bancroft and Bellairs, 1975; Revel
Immunogold Electron Microscopyand Brown, 1976). As molecular components of tight junc-
tions have been identi®ed, it is now possible to carry out Ultrathin cryosections were prepared according to the method
of Tokuyasu (1989; Grif®ths, 1993). Fixed chick embryo headfoldsan in-depth investigation on tight junctions in the neuroepi-
or heads were in®ltrated with 30% (w/v) polyvinylpyrrolidone/1.61thelium, in particular with respect to the changes in its
M sucrose for 2 hr at room temperature and frozen in liquid nitro-organization during development. Here we have analyzed,
gen. Ultrathin cryosections were cut at 01007C with a cryo-ultra-for chick and mouse embryos at the neural plate, groove,
microtome FCS (Leica) using glass knives. The sections were col-and tube stages, the expression of occludin in comparison
lected on Formvar/carbon-coated grids, blocked with 10% FCS/
to ZO-1 and N-cadherin and have probed the existence of 0.15% glycine in PBS for 10 min at room temperature, and incu-
a paracellular barrier across the neuroepithelium. bated for 30 min at room temperature with rabbit anti-chicken
occludin antibody (1:2) or mouse anti-N-cadherin antibody (1:5)
followed by rabbit anti-mouse IgG (Cappel) as bridge antibody. The
sections were washed with PBS, incubated with protein A±gold (9MATERIALS AND METHODS
nm) in the blocking solution, and washed with PBS and H2O. After
treatment with neutral uranyl acetate oxalate, the sections wereAntibodies
incubated with 0.3% uranyl acetate/1.8% methyl cellulose on ice
Af®nity-puri®ed rabbit IgG against the cytoplasmic C-terminal and air-dried. The immunogold-labeled sections were examined in
region of chick occludin (OcE) (Furuse et al., 1994) and rat hybrid- an electron microscope (EM 10, Zeiss).
oma T8-754 supernatant against ZO-1 (Itoh et al., 1993) were kind
gifts of Dr. S. Tsukita. Rabbit antiserum 334 against the C-terminal
Horseradish Peroxidase Injection into the Amnioticpeptide of bIII-tubulin (Cross et al., 1994) was a gift of Dr. J. Domin-
guez. Puri®ed mouse monoclonal IgG GC-4 against chick N-cad- Cavity of Mouse Embryos
herin was from Sigma.
Mouse embryos were obtained from natural matings of NMRI
mice. The morning of the vaginal plug was considered E0. Embryos
(E8 to E9) in yolk sacs were dissected free of Reichert's membraneChick Embryo Preparation
at room temperature in HBSS supplemented with 2 mM CaCl2.
Horseradish peroxidase (HRP, 0.1±0.2 ml, 10 mg/ml in DMEM,Fertilized White Leghorn chicken eggs were procured from a local
supplier and incubated for the desired periods of time in an Ehret SERVA Feinbiochemica GmbH) was injected through the visceral
yolk sac into the amniotic cavity using a motorized microinjectorBSS 160 incubator at 387C. Chick embryos were dissected at room
temperature in Hanks' balanced salt solution (HBSS) supplemented (Eppendorf, 5171) connected to a pneumatic transjector (Eppendorf,
5246). Noninjected embryos served as controls. Injected and nonin-with 2 mM CaCl2 and staged according to Hamburger and Hamilton
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jected embryos, both in intact yolk sacs, were incubated for 5 to N-cadherin immunoreactivity in the neuroepithelium was
15 min at 377C in 5% CO2/95% air in a 1:1 mixture of DMEM and now also detectable in the caudal region of the embryo (data
rat serum (Cockroft, 1990). The yolk sacs were torn open in 1.25% not shown). In contrast to occludin (Fig. 2B), N-cadherin
(v/v) glutaraldehyde in 100 mM cacodylate buffer, pH 7.4, ®xed for immunoreactivity at this stage (Fig. 2D) seemed to have
1 hr, washed in cacodylate, and incubated with 0.1% diaminobenzi- increased compared to that at stage 8 (Fig. 2C), and both
dine (DAB) in cacodylate for 30 min. The samples were then incu-
occludin and N-cadherin were still concentrated toward thebated with 0.05% H2O2/0.1% DAB in cacodylate for two times 30
apical side. At neither stage 8 (Fig. 2E) nor stage 9 (Fig. 2F)min. They were then washed in cacodylate and post®xed with 1%
was bIII-tubulin expression yet observed.(w/v) osmium tetroxide/1.5 (w/v) potassium ferricyanide in caco-
At the 13-somite stage (stage 11), i.e., when the neuraldylate buffer for 1 hr. Samples were dehydrated in ethanol and
embedded in Epon. Ultrathin sections were cut in an Ultracut S tube is closed (except for the caudal and rostral-most re-
(Reichert), collected on Formvar/carbon-coated grids, and observed gions of the embryo), occludin immunoreactivity in the
in the electron microscope. neuroepithelium was barely detectable (Figs. 3A±3C and
4B). In the dorsoventral axis, occludin expression per-
sisted the longest in the ¯oor plate (Fig. 4A). Strong im-
munoreactivity for N-cadherin was observed all along theRESULTS
rostrocaudal axis (Figs. 3D±3F), being clearly detectable
along the entire lateral membrane of the neuroepithelialExpression of Occludin, N-cadherin, and bIII-
cells but concentrated toward the apical end (Fig. 4D). AtTubulin in the Chick Neuroepithelium before
this stage, the ®rst bIII-tubulin-positive cells appeared inand after Closure of the Neural Tube
the rostral region of the neural tube (Figs. 3G and 4F),
whereas bIII-tubulin expression was not yet detected inThe expression of occludin (a transmembrane protein
of tight junctions; Furuse et al., 1993), N-cadherin (a the middle and caudal regions (Figs. 3H and 3I).
At the 21-somite stage (stage 13), i.e., when the neuraltransmembrane protein of adherens junctions; Hatta and
Takeichi, 1986), and bIII-tubulin (a cytosolic marker pro- tube is closed all along the rostrocaudal axis, occludin
expression in the neuroepithelium was no longer detect-tein of young neurons; Lee et al., 1990) was investigated
in chick embryos. Chick rather than mouse embryos were able (Figs. 4C and 5A±5C). N-cadherin expression (Figs.
5D±5F) was even stronger than at the 13-somite stagechosen because the available antibodies against the junc-
tional proteins recognize the chick, but not the mouse, (compare Figs. 3D±3F), with a similar pattern (Fig. 4E).
bIII-Tubulin-positive cells were detected in the neuralantigens. Analysis was carried out from the presomite
stage (stage 4±6) to the 21-somite stage (stage 13). This tube all along the rostrocaudal axis (Figs. 5G±5I), in both
the ventricular zone and the forming intermediate zoneperiod of embryonic development extends from the newly
induced neuroectoderm to the recently closed neural (Figs. 4G and 5G).
tube, i.e., from the merely proliferative stage of neuroepi-
thelial cells to the stage when neurogenesis has begun
Ultrastructural Analysis of Occludin and N-along the rostrocaudal axis (Sechrist and Bronner-Fraser,
cadherin Expression in the Chick Neuroepithelium1991).
At the presomite stage (data not shown), occludin immu- The subcellular localization of occludin and N-cadh-
erin was investigated by immunogold electron micros-noreactivity was detected in the neuroectoderm, concen-
trated at the apical side of the neuroepithelial cells, all along copy of ultrathin frozen sections prepared from the rostral
region of 7-somite (stage 9) and 16-somite (stage 12) chickthe rostrocaudal axis. No signi®cant N-cadherin and bIII-
tubulin immunoreactivity was detected in the neuroepi- embryos. Occludin labeling was con®ned to the apical-
most area of the lateral membrane of neuroepithelial cellsthelium at this stage.
At the 4-somite stage (stage 8), i.e., the stage of the neural (Fig. 6A). Labeling for occludin at stage 9 was detected, for
any given ultrathin section, in only 12% of the junctionsplate/groove, an overview of the neuroepithelium (Fig. 1)
revealed that occludin immunoreactivity was still present analyzed (36 labeled junctions of 302 junctions exam-
ined), with 1±2 gold particles per labeled junction. Given(Figs. 1A±1C). At this stage, N-cadherin started to be ex-
pressed. Immunoreactivity was stronger in the rostral, head- these numbers and a generous estimate of the average
area of a tight junction (as it appears in a section) of 0.5fold (Fig. 1D) than in the middle (Fig. 1E) region of the
neuroepithelium and was not yet detectable in the caudal- mm2 (5 mm length, 0.1 mm width), this labeling was at least
100-fold higher than the background labeling (at most 2most region (Fig. 1F). No bIII-tubulin-positive cells were
observed (Figs. 1G±1I). Both occludin and N-cadherin im- gold particles/mm2) and thus statistically signi®cant. N-
cadherin labeling at stage 9 was also seen in the apical-munoreactivity were concentrated toward the apical side of
the neuroepithelium (Figs. 2A and 2C) (though localized in most area of the lateral membrane (Fig. 6B). However,
analysis of this area by double immunogold labeling forthe lateral rather than apical membrane as shown below
(Figs. 6A and 6B) for the 7-somite stage (stage 9)). occludin and N-cadherin showed that at the transitional
stage, when both occludin and N-cadherin were expressedAt the 7-somite stage (stage 9), the same principal pattern
of expression of the three proteins was observed, except that in the same junctional complex, occludin was always api-
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FIG. 2. Higher magni®cation of the immuno¯uorescence labeling for occludin (A, B), N-cadherin (C, D), and bIII-tubulin (E, F) in the
rostral neuroepithelium of stage 8 (4-somite) (A, C, E) and stage 9 (7-somite) (B, D, F) chick embryos (semiadjacent transverse sections).
The apical side of the neuroepithelium is up. Note the increase in N-cadherin staining from stage 8 (C) to stage 9 (D).
11-27-96 13:03:47 dba
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FIG. 3. Expression of occludin (A±C), N-cadherin (D±F), and bIII-tubulin (G±I) in a stage 11 (13-somite) chick embryo. Transverse
sections through the hindbrain (A, D, G), middle, somite, region with a closed neural tube (B, E, H), and the caudal, just closing,
region of the neural tube (C, F, I). Staining for occludin in the neuroepithelium is no longer detectable (A, C) or very faint (B), but
visible in the ectoderm (arrowheads) and the notochord (open arrows). Strong expression of N-cadherin is seen throughout the
embryo in the neuropithelium as well as in the notochord and somites (D, E, F). Cells positive for bIII-tubulin are found in the
hindbrain (arrows in G).
cal to N-cadherin (data not shown). At the 16-somite stage Expression of ZO-1 in the Chick Neuroepithelium
(stage 12), i.e., when the neural tube is closed and oc- before and after Closure of the Neural Tube
cludin immunoreactivity virtually lost (compare Figs.
Given the disappearance of occludin, and the increase in3A±3C and 4B), N-cadherin labeling was distributed more
N-cadherin, immunoreactivity from the 4-somite to the 21-broadly over the lateral membrane of neuroepithelial
somite stage, it was of interest to investigate the expressioncells, being strong in the apical-most area but also detect-
able toward the basal side (Fig. 6C). of ZO-1 in the chick neuroepithelium during this period of
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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671Loss of Tight Junctions from the Neuroepithelium
embryonic development. ZO-1 is a peripheral membrane nervous system. We show here that neurogenesis is pre-
ceded by the loss of the tight junction integral membraneprotein which interacts, in the tight junction, with the C-
terminal, cytoplasmic domain of occludin (Furuse et al., protein occludin, which re¯ects a major change in the orga-
nization of the neuroepithelium. Our results imply a central1994). In cells lacking tight junctions, ZO-1 colocalizes with
cadherins (Itoh et al., 1993). ZO-1 immunoreactivity was role of the cadherins in maintaining the polarized structure
of the neuroepithelial cells in the neural tube in the absencedetected at all four stages analyzed and was con®ned to
the apical side of the neuroepithelium (Figs. 7A±7D). This of tight junctions and suggest that ZO-1 may participate in
this role.staining re¯ected the localization of ZO-1 to the apical-
most area of the lateral membrane of neuroepithelial cells,
as revealed by immunogold electron microscopy of sections
Neuroepithelial Cells Stop Expressing the Tightprepared from the rostral region of 7-somite (stage 9) chick
Junction-Speci®c Transmembrane Protein Occludinembryos (Fig. 8). The same observations were made for
prior to Neurogenesismouse embryos (data not shown).
As with other epithelia, occludin was found at the most
Loss of Functional Tight Junctions Precedes apical end of the lateral membrane, i.e., the presumptive
Closure of the Mouse Neural Tube tight junction area. Occludin was lost during the closing
of the chick neural tube. These data corroborate and ex-The results described so far suggested that the neuroepi-
tend a previous freeze-fracture study (Revel and Brown,thelium has tight junctions before, but not after, closure of
1976). In all areas of the neuroepithelium examined, thethe neural tube. At least two functions have been attributed
loss of occludin preceded the appearance of bIII-tubulin,to tight junctions: (i) a ``fence'' function preventing lateral
i.e., the onset of neurogenesis. In any given area, occludinmovement of membrane components between the apical
disappeared from all neuroepithelial cells. Hence, the lossand basolateral plasma membrane domains and (ii) a ``bar-
of occludin occurs irrespective of whether a neuroepithe-rier'' function preventing the diffusion of solutes between
lial cell continues proliferating or starts generating neu-the apical and basal extracellular milieu (Diamond, 1977;
rons and therefore re¯ects an overall change in the organi-Gumbiner, 1993). The latter function can be tested by fol-
zation of the neuroepithelium. This change may representlowing the diffusion of the membrane-impermeable tracer
the ®rst step in a program by which neuroepithelial cellsHRP. To test the barrier function of the tight junctions of
gradually loose their epithelial characteristics, culminat-the neuroepithelium, we chose the mouse embryo in which
ing in the generation of nonepithelial cells, the neurons.HRP can be more easily applied to the apical side of the
neuroepithelium by injection into the amniotic cavity than
in the chick embryo (especially at early stages of develop-
Loss of Occludin Is Associated with the Loss of thement). In 8-day-old mouse embryos (E8, 3 somites), i.e., at
Paracellular Barrier in the Neuroepitheliumthe neural plate stage, HRP was not detected in the lateral
intercellular space 15 min after application to the apical The loss of occludin prompted us to perform functional
side (Figs. 9A and 9C). In contrast, in late 8-day-old mouse studies on the existence of tight junctions during the transi-
embryos (E8.5±E9, 10±12 somites), i.e., when the embryo tion from the neural plate to the neural tube. Probing the
is turning around its dorsoventral axis and the neural tube paracellular barrier function by injection of HRP into the am-
is in the process of closing, HRP was detected in the lateral niotic cavity of mouse embryos, no leakage of HRP from the
intercellular space as early as 5 min after injection into apical side to the intercellular space could be observed at the
the amniotic cavity (Figs. 9B and 9D). These observations neural plate stage. In contrast, the paracellular barrier and
indicate that the ``barrier'' function of tight junctions in the hence functional tight junctions were lost as the neural tube
neuroepithelium does exist at the neural plate stage but is was closing. Similar results were obtained in amphibians
lost prior to neural tube closure. (Decker and Friend, 1974). The loss of tight junctions during
neural tube closure explains why in previous morphological
studies on the closed neural tube, ultrastructural features ofDISCUSSION
tight junctions were not detected (Hinds and Ruffett, 1971).
The disappearance of tight junctions from the neuroepithe-Neurogenesis, i.e., the generation of neurons from neuro-
epithelial cells, is a key step in the building of the central lium during development of the nervous system is consistent
FIG. 4. Higher magni®cation of the immuno¯uorescence staining for occludin (A±C), N-cadherin (D, E), and bIII-tubulin (F, G)
of a stage 11 (13-somite) (A, B, D, F) and stage 13 (21-somite) (C, E, G) chick embryo. B, D, F show an area from Figs. 3A, 3D, and
3G, respectively (hindbrain); C, E, G show an area from Figs. 5A, 5D, and 5G, respectively (midbrain). The apical side of the
neuroepithelium is up. Occludin expression in the neuroepithelium is last retained in the ¯oor plate (arrowhead in A; n, notochord).
bIII-Tubulin-positive cells are marked with arrows in (F) and (G); the two cells indicated in (F) are the same as those indicated by
the top arrow in Fig. 3G.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8403 / 6x16$$$261 11-27-96 13:03:47 dba
672 Aaku-Saraste, Hellwig, and Huttner
11-27-96 13:03:47 dba
673Loss of Tight Junctions from the Neuroepithelium
FIG. 6. Ultrastructural localization of occludin (A) and N-cadherin (B, C) in chick rostral neuroepithelial cells at stage 9 (7 somites) (A,
B) and stage 12 (16 somites) (C). The apical side of the cells is up. As at stage 9 only 12% of the junctions are labeled for occludin, the
junction in B is probably one negative for occludin, and the apical-most labeling for N-cadherin in this junction is presumably due to the
presence of an adherens junction. At stage 12 (neural tube), N-cadherin labeling extends more basally along the lateral membrane of
neuroepithelial cells (C) than at stage 9 (neural plate) (B).
with the observation (Brightman and Reese, 1969) that these function (studied in mouse embryos because of the ease
of injection into the amniotic cavity) provides strong sup-structures are also absent from most of the ependymal cells
of the adult brain. port for occludin being responsible for the barrier func-
tion. This conclusion is consistent with occludin beingThe correlation between the loss of occludin (studied
in chick embryos because of the species speci®city of the an essential component of tight junctions, as originally
proposed by Tsukita and colleagues (Furuse et al., 1993).available antibody) and the loss of the paracellular barrier
FIG. 5. Expression of occludin (A±C), N-cadherin (D±F), and bIII-tubulin (G±I) in a stage 13 (21-somite) chick embryo. Transverse
sections through the midbrain (A, D, G), the hindbrain (B, E, H), and the closed neural tube at the spinal cord level (C, F, I). The
lumen of the neural tube is marked with an asterisk. The epidermis and gut show expression of occludin, but no occludin staining
is seen in the neuroepithelium (A±C). Strong N-cadherin staining is seen throughout the neuroepithelium where it is concentrated
apically (D±F). The notochord, somites, peritoneal cavity, and heart also show expression of N-cadherin. bIII-Tubulin-positive cells
(arrows) are seen in every section (G±I). In the midbrain (G) they are found both dorsally and ventrally, whereas in the hindbrain (H)
and spinal cord (I) they are found ventrolaterally. The long arrow in (G) indicates the same bIII-tubulin-positive cell as in Fig. 4G.
Note that some bIII-tubulin-positive cells have long processes (arrow in I). Cross-reacting red blood cells are marked with arrowheads
(G, H).
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FIG. 7. Expression of ZO-1 protein in the rostral neuroepithelium of stage 8 (4 somites) (A), stage 9 (7 somites) (B), stage 11 (13
somites) (C), and stage 13 (21 somites) (D) chick embryos. The apical side of the neuroepithelium is up. ZO-1 staining is concentrated
apically.
ZO-1 Expression Is Maintained Despite the Loss of suppressor gene (Woods and Bryant, 1989, 1991), and it has
been suggested that ZO-1 might also act as a tumor suppres-Occludin and Functional Tight Junctions
sor in vertebrates (Tsukita et al., 1993). Given the down-
In other epithelia (Itoh et al., 1991), certain cytoplasmic regulation of occludin and functional tight junctions during
proteins are associated with tight junctions and provide a closure of the neural tube, it was of interest to study the
link to the cytoskeleton, speci®cally actin ®laments. A ma- expression and subcellular localization of ZO-1 in neuroepi-
jor protein known to bind to the cytoplasmic C-terminal thelial cells during this period. Surprisingly, expression of
domain of occludin is ZO-1. This protein is a member of ZO-1 in the neuroepithelium was observed not only at the
the MAGUK (membrane associated guanylate kinase) fam- neural plate stage (when occludin is also present), but also
ily and has structural similarities to the discs-large-1 (dlg) (and apparently at a higher level) after closure of the neural
tube (when occludin is absent and neurogenesis occurs). Atprotein of Drosophila (Willott et al., 1993). dlg is a tumor
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FIG. 8. Ultrastructural localization of the ZO-1 protein in chick neuroepithelial cells by immunoelectron microscopy of stage 9 (7
somites) embryos. Gold particles are found exclusively at the apical end of the lateral plasma membrane. No labeling is found on the
apical (upper) surface of neuroepithelial cells.
all developmental stages studied, ZO-1 was con®ned to the junctions in tissue culture, ZO-1 initially colocalizes with
cadherins and only subsequently associates with the devel-apical end of the lateral plasma membrane. These observa-
tions are consistent with the notion (Itoh et al., 1991) that oping tight junctions (Rajasekaran et al., 1996). Further-
more, ZO-1 has also been shown to be expressed in cellsthe function of ZO-1 is not exclusively linked to that of
tight junctions. Studies on early embryonic development lacking tight junctions, such as astrocytes (Howarth et al.,
1994) and ®broblasts (Itoh et al., 1991), where it colocalizeshave shown that in nonneural tissue, ZO-1 is expressed
before tight junctions appear (Fleming and Hay, 1991; Col- with cadherins. In cells with ``less-developed'' tight junc-
tions, ZO-1 localizes to both the tight junction and thelins and Fleming, 1995). During the assembly of tight
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TABLE 1
Characteristics of Vertebrate Neuroepithelial Cells at the Neural Plate and Neural Tube Stages
Parameter Neural plate Neural tube Reference
Epithelial features
Occludin / 0 This study
Paracellular barrier / 0 Decker and Friend (1974); this study
Polarized delivery of virus n.d. 0 Aaku-Saraste et al., (in preparation)
envelope proteins
Intermediate ®lament subclass
Keratin / 0 Viebahn et al., (1994)
Vimentin 0 / Jackson et al., (1981)
Viebahn et al., (1994)
Nestin / / Dahlstrand et al., (1995)
Cadherin subclass
E-cadherin { 0 Nose and Takeichi (1986)
N-cadherin { / Hatta et al., (1987); this study
Neurogenesis
Generation of neurons (bIII- 0 / Lee et al., (1990); this study
tubulin-positive cells)
Note. n.d., not determined.
adherens junction (Itoh et al., 1993). These data indicate Neurogenesis and the Loss of Epithelial Features
from the Neuroepitheliumthat ZO-1 interacts not only with occludin of tight junc-
tions but also with components of adherens junctions such
Neurogenesis has been viewed as a process in which epi-as the cadherins.
thelial cells (the neuroepithelial cells of the ventricular
zone) produce nonepithelial cells (the migrating young neu-
rons). Our results suggest that the neuroepithelial cells
N-cadherin themselves undergo changes that re¯ect this transforma-
tion, which is reminiscent of the epithelial±mesenchymal
Our data on the time course of expression of N-cadherin transition occurring during the development of several tis-
and its subcellular localization are consistent with the idea sues (Hay, 1991). To address this issue more comprehen-
that upon down-regulation of occludin, ZO-1 might associ- sively, in Table 1 we have compiled the results, obtained in
ate with adherens junctions. First, concomitantly with the this investigation and previous studies by others, on several
down-regulation of occludin, N-cadherin was up-regulated. parameters characteristic of either an epithelial or a nonepi-
Second, at the subcellular level, N-cadherin, like occludin, thelial state. Comparison of the expression, at the neural
was localized to the apical-most area of the lateral mem- plate versus tube stage, of these parameters clearly shows
brane where ZO-1 was concentrated. that the onset of neurogenesis is preceded by a progressive
The up-regulation of N-cadherin upon down-regulation loss of epithelial features from the neuroepithelial cells.
of occludin suggests that as the neural plate develops into Besides occludin and the paracellular barrier function dis-
the neural tube, the contribution of tight junctions to the cussed above, the interaction of neuroepithelial cells and
cell-to-cell adhesion in the neuroepithelium is either taken the basal lamina deserves particular attention. It should be
over by adherens junctions or no longer needed. The mouse realized that with the generation of neurons and the forma-
neuroepithelium thus seems to differ from the amphibian tion of the central nervous system, the neuroepithelial cells
neuroepithelium, in which the tight junctions are replaced of the ventricular zone eventually become separated from
by gap junctions during neural tube closure (Decker and their basal lamina. One of the features de®ning an epithe-
lium is its contact to a basal lamina (or to a laminar assem-Friend, 1974).
FIG. 9. Electron micrographs at low (A, B) and high (C, D) magni®cations of neural plate stage (E8, 3 somites) (A, C) and neural tube
stage (E8.5±E9, 10±12 somites) (B, D) mouse embryos. HRP was injected into the amniotic cavity (apical side of neuroepithelium, up).
Note the absence of reaction product in the lateral intercellular space in the neuroepithelium of the E8 embryo (A, C, the same electron
density as in the noninjected embryo, not shown), whereas the intercellular space is clearly labeled in the E8.5±E9 embryo (B, D).
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embryos. In ``Postimplantation Mammalian Embryos'' (A. J.bly of extracellular matrix components). Hence, as with the
Copp and Cockroft, D. L., Eds.), pp. 15±40. IRL Press, Oxford,neural crest cells forming the peripheral nervous system,
New York.the progressive loss of epithelial features is a hallmark of
Collins, J. E., and Fleming, T. P. (1995). Epithelial differentiationthe development of the central nervous system; not only
in the mouse preimplantation embryo: making adhesive contactsdo neuroepithelial cells loose certain epithelial features
for the ®rst time. Trends Biochem. Sci. 20, 307±312.
(such as tight junctions) prior to neurogenesis, they also Cross, D., Farias, G., Dominguez, J., Avila, J., and Maccioni, R. B.
continue to do so (lack of contact to basal lamina) in the (1994). Carboxyl terminal sequences of b-tubulin involved in the
course of formation of the central nervous system. interaction of HMW-MAPs. Studies using site-speci®c antibod-
The mechanism underlying the loss of epithelial features ies. Mol. Cell. Biochem. 132, 81±90.
from neuroepithelial cells and its relevance for neurogenesis Dahlstrand, J., Lardelli, M., and Lendahl, U. (1995). Nestin mRNA
expression correlates with the central nervous system progenitorare not known. It is worth noting that the switch from E-
cell state in many, but not all, regions of developing central ner-cadherin to N-cadherin (Nose and Takeichi, 1986; Hatta et
vous system. Dev. Brain Res. 84, 109±129.al., 1987) precedes the loss of tight junctions (Table 1).
Decker, R. S., and Friend, D. S. (1974). Assembly of gap junctionsGiven the morphogenetic potential of the cadherins (Takei-
during amphibian neurulation. J. Cell Biol. 62, 32±47.chi, 1995), one may speculate that the switch in cadherin
Diamond, J. M. (1977). The epithelial junction: Bridge, gate andsubclass is involved in the down-regulation of epithelial
fence. Physiologist 20, 10±18.
characteristics in the neuroepithelium. As to the relevance Fleming, T. P., and Hay, M. J. (1991). Tissue-speci®c control of ex-
of the loss of tight junctions to the process of neurogenesis, pression of the tight junction polypeptide ZO-1 in the mouse
these were lost from all neuroepithelial cells prior to the early embryo. Development 113, 295±304.
onset of neurogenesis, as pointed out above. Hence, this Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsu-
loss cannot by itself be suf®cient to trigger neurogenesis, kita, S., and Tsukita, S. (1993). Occludin: a novel integral mem-
brane protein localizing at tight junctions. J. Cell Biol. 121, 491±which for any given area of the neural tube is initiated by
502.only some of the neuroepithelial cells. However, it is possi-
Furuse, M., Itoh, M., Hirase, T., Nagafuchi, A., Yonemura, S., Tsu-ble that the disappearance of tight junctions is part of the
kita, S., and Tsukita, S. (1994). Direct association of occludinremodeling of the neuroepithelium that is needed for neuro-
with ZO-1 and its possible involvement in the localization ofgenesis to occur.
occludin in the tight junctions. J. Cell Biol. 124, 1617±1626.
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Springer-Verlag, Heidelberg.
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